The recent discovery of a ubiquitous translocation pathway, specifically required for proteins with a twinarginine motif in their signal peptide, has focused interest on its membrane-bound components, one of which is known as TatC. Unlike most organisms of which the genome has been sequenced completely, the Gram-positive eubacterium Bacillus subtilis contains two tatClike genes denoted tatCd and tatCy. The corresponding TatCd and TatCy proteins have the potential to be involved in the translocation of 27 proteins with putative twin-arginine signal peptides of which ϳ6 -14 are likely to be secreted into the growth medium. Using a proteomic approach, we show that PhoD of B. subtilis, a phosphodiesterase belonging to a novel protein family of which all known members are synthesized with typical twin-arginine signal peptides, is secreted via the twin-arginine translocation pathway. Strikingly, TatCd is of major importance for the secretion of PhoD, whereas TatCy is not required for this process. Thus, TatC appears to be a specificity determinant for protein secretion via the Tat pathway. Based on our observations, we hypothesize that the TatC-determined pathway specificity is based on specific interactions between TatC-like proteins and other pathway components, such as TatA, of which three paralogues are present in B. subtilis.
The Gram-positive eubacterium Bacillus subtilis is known to secrete a great variety of proteins into the growth medium (1) . Together with components of the protein secretion pathways of B. subtilis, these native secreted proteins form the so-called secretome (2) . The sequencing of the B. subtilis genome (3) has allowed a first analysis of the secretome based on the computer-assisted prediction of signal peptides. The results of this analysis indicated that ϳ300 of the 4107 identified genes specify putative exported proteins with an amino-terminal signal peptide. We previously predicted that 114 of these are lipoproteins, which are retained in the cytoplasmic membrane (4) . A closer examination of the remaining putative secreted proteins suggests that these can be divided into various subgroups on the basis of particular motifs in their signal peptides. 1 Notably, the signal peptides belonging to one of these subgroups (see Table I ) contain a so-called "twin-arginine" motif with the RRX (where is a hydrophobic residue) consensus sequence (5) (6) (7) . Signal peptides with this consensus motif (RR signal peptides) have been implicated in the transport of proteins via a novel Sec-independent pathway that seems to be conserved in eubacteria and organelles, such as chloroplasts and mitochondria (8, 9) . The bacterial equivalent of this protein export system has been termed the Tat pathway (for twin-arginine translocation) (10, 11) .
Even though the Tat pathway was first identified in thylakoids (called the ⌬pH pathway in chloroplasts) (12) (13) (14) , the equivalent pathway of Escherichia coli is presently best characterized. In this organism, four genes are known to encode proteins involved in the Tat export pathway. Three of these genes form an operon (tatABC), whereas the tatE gene is monocistronic (see Refs. 9 -11) . The TatABCE proteins are membrane-bound and believed to function in the Tat protein translocase in the plasma membrane. The protein encoded by the fourth gene in the tatABC operon, denoted tatD, was recently shown not to be required for Tat-dependent protein export (15) . Inactivation of tatB (also described as mttA) (16 -18) or tatC resulted in a total block in the export of proteins bearing RR signal peptides (11) . In contrast, the products of the tatA and tatE genes, which are paralogues of the tatB-encoded protein (19) , were shown to have overlapping functions in protein export via the Tat pathway (10, 18) . The precise roles of TatABCE in the recognition of RR signal peptides and the protein translocation process are presently unknown. Notably, a functional Tat pathway is required for anaerobic growth of E. coli, which is due to the fact that various proteins required for anaerobic growth are exported via this pathway (see Refs. 5 and 19) .
Genes specifying homologues of the E. coli TatABE proteins were identified in most bacteria, including B. subtilis (20) (see Fig. 1A ). In contrast to E. coli, which contains only one tatC gene, two genes specifying TatC homologues were identified in * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
b These authors contributed equally to this work. B. subtilis (see Fig. 1B ). Interestingly, each of the two tatC genes of B. subtilis was preceded by a tatABE-like gene. These observations are consistent with the identification of genes for (putative) exported proteins with RR signal peptides in B. subtilis. Strikingly, however, the WapA and WprA proteins, which are synthesized with potential RR signal peptides, were recently shown to be secreted in an Ffh-and SecA-dependent manner (21) . As the transport of proteins via the Tat pathway of E. coli was shown to be independent of SecA and largely independent of Ffh (22) , this observation raised the question whether a functional Tat pathway exists in B. subtilis. On the contrary, the observation that B. subtilis contains two paralogous tatC genes, each with an upstream tatA gene, might even suggest that two parallel routes for twin-arginine translocation exist in this organism. This idea was, to some extent, also suggested by the observation that one set of tatAC genes of B. subtilis was preceded by the phoD gene, which specifies a secreted phosphodiesterase (i.e. PhoD) (23) with an RR signal peptide (see Table I ) and which is expressed only under conditions of phosphate starvation (23) . In the present study, we show that the latter tatC gene, denoted tatCd, is expressed only under conditions of phosphate starvation. Moreover, it seems to be specifically required for the secretion of PhoD, a process that was almost completely blocked when the tatCd gene was disrupted, but not when the tatCy gene was disrupted. These observations show that the TatCd protein of B. subtilis is a specificity determinant for Tat-dependent protein secretion. Table II lists the plasmids and bacterial strains used. TY medium (Tryptone/yeast extract) contained Bacto-Tryptone (1%), Bacto-yeast extract (0.5%), and NaCl (1%). Minimal medium was prepared as described (24). Schaeffer's sporulation medium was prepared as described (25) . High phosphate and low phosphate (LPDM) 2 defined media were prepared as described (26) . To test anaerobic growth, S7 medium was prepared as described (27, 28) and supplemented with NaNO 3 (0.2%) and glycerol (2%). When required, media for E. coli were supplemented with ampicillin (100 g/ ml), erythromycin (100 g/ml), kanamycin (40 g/ml), or spectinomycin (100 g/ml); media for B. subtilis were supplemented with erythromycin (1 g/ml), kanamycin (10 g/ml), spectinomycin (100 g/ml), and/or isopropyl-␤-D-thiogalactopyranoside (IPTG; 100 M).
EXPERIMENTAL PROCEDURES

Plasmids, Bacterial Strains, and Media-
DNA Techniques-Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and transformation of E. coli were carried out as described (29) . Enzymes were from Roche Molecular Biochemicals. B. subtilis was transformed as described (30) . PCR was carried out with the Pwo DNA polymerase (New England Biolabs Inc.) as described (31) .
To construct B. subtilis ItatCd, the 5Ј-region of the tatCd gene was amplified by PCR with primers JJ14bT (5Ј-CCC AAG CTT ATG AAA GGG AGG GCT TTT TTG AAT GG-3Ј, containing a HindIII site) and JJ15bT (5Ј-GCG GAT CCA AAG CTG AGC ACG ATC GG-3Ј, containing a BamHI site). The amplified fragment was cleaved with HindIII and BamHI and cloned in the corresponding sites of pMutin2 (32) , resulting in pMICd1. B. subtilis ItatCd was obtained by a Campbell-type integration (single crossover) of pMICd1 into the tatCd region of the chromosome.
To construct B. subtilis ItatCy, the 5Ј-region of the tatCy gene was amplified by PCR with primers JJ03iJ (5Ј-CCC AAG CTT AAA AAG AAA GAA GAT CAG TAA GTT AGG ATG-3Ј, containing a HindIII site) and JJ04iJ (5Ј-GCG GAT CCA AGT CCT GAG AAA TCC G-3Ј, containing a BamHI site). The amplified fragment was cleaved with HindIII and BamHI and cloned in the corresponding sites of pMutin2, resulting in pMICy1. B. subtilis ItatCy was obtained by a Campbell-type integration (single crossover) of pMICy1 into the tatCy region of the chromosome.
To construct B. subtilis ⌬tatCd, the tatCd gene was amplified by PCR with primers JJ33Cdd (5Ј-GGA ATT CGT GGG ACG GCT ACC-3Ј, containing an EcoRI site and 5Ј-sequences of tatCd) and JJ34Cdd (5Ј-CGG GAT CCA TCA TGG GAA GCG-3Ј, containing a BamHI site and 3Ј-sequences of tatCd). Next, the PCR-amplified fragment was cleaved with EcoRI and BamHI and ligated into the corresponding sites of pUC21, resulting in pJCd1. Plasmid pJCd2 was obtained by replacing an internal BclI-AccI fragment of the tatCd gene in pJCd1 with a pDG792-derived kanamycin resistance marker, flanked by BamHI and ClaI restriction sites. Finally, B. subtilis ⌬tatCd was obtained by a double crossover recombination event between the disrupted tatCd gene of pJCd2 and the chromosomal tatCd gene.
To construct B. subtilis ⌬tatCy, the tatCy gene was amplified by PCR with primers JJ29Cyd (5Ј-GGG GTA CCG GAA AAC GCT TGA TCA GG-3Ј, containing a KpnI site and 5Ј-sequences of tatCy) and JJ30Cyd (5Ј-CGG GAT CCT TTG GGC GAT AGC C-3Ј, containing a BamHI site and 3Ј-sequences of tatCy). Next, the PCR-amplified fragment was cleaved with KpnI and BamHI and ligated into the Asp718 and BamHI sites of pUC21, resulting in pJCy1. Plasmid pJCy2 was obtained by ligating a pDG1726-derived spectinomycin resistance marker, flanked by PstI restriction sites, into the unique PstI site of the tatCy gene in pJCy1. Finally, B. subtilis ⌬tatCy was obtained by a double crossover recombination event between the disrupted tatCy gene of pJCy2 and the chromosomal tatCy gene.
tatCd-tatCy double mutants were constructed by transforming the ⌬tatCy mutant with chromosomal DNA of the ⌬tatCd or ItatCd mutant strain. Correct integration of plasmids or resistance markers into the chromosome of B. subtilis was verified by Southern blotting. The BLAST algorithm (33) was used for protein comparisons in the GenBank TM /EBI Data Bank. Protein sequence alignments were carried out with the ClustalW program (34) using the Blosum matrices or Version 6.7 of the PCGene Analysis Program (IntelliGenetics Inc.). Putative transmembrane segments and their membrane topologies were predicted with the TopPred2 algorithm (35, 36) .
Competence and Sporulation-Competence for DNA binding and uptake was determined by transformation with plasmid or chromosomal DNA (37) . The efficiency of sporulation was determined by overnight growth in Schaeffer's sporulation medium, killing of cells with 0.1
TABLE I Predicted twin-arginine signal peptides of B. subtilis
Putative twin-arginine signal peptides were identified in two ways. First, the presence of the consensus sequence RRX (where is a hydrophobic residue), immediately in front of an amino-terminal hydrophobic region as predicted with the TopPred2 algorithm (35, 36) , was determined. For this purpose, the first 60 residues of all annotated proteins of B. subtilis in the SubtiList Database were used. Second, within the group of twin-arginine membrane-sorting signals, cleavable signal peptides were identified with the SignalP algorithm (62, 63) . Conserved residues of the twin-arginine consensus sequence (RRX) are indicated in boldface. In addition, positively charged residues that could function as a so-called Sec avoidance signal (55) are indicated in boldface italics. The hydrophobic H-domains are shaded. In signal peptides with a predicted signal peptidase I cleavage site, residues from positions Ϫ3 to Ϫ1 relative to the signal peptidase I cleavage site are underlined. Notably, some of these proteins contain one or more putative transmembrane segments elsewhere in the protein (indicated by TM) or are putative lipoproteins. Residues forming a so-called lipobox for signal peptidase II cleavage are enlarged.
volume of chloroform, and subsequent plating.
Enzyme Activity Assays-The assay and calculation of ␤-galactosidase units (expressed as units/A 600 ) were carried out as described (38) . Overnight cultures were diluted 100-fold in fresh medium, and samples were taken at hourly intervals for A 600 readings and ␤-galactosidase activity determinations. Induction of the phosphate starvation response was monitored by alkaline phosphatase activity determinations as described (39) .
Western Blot Analysis and Immunodetection-To detect PhoB and PhoD, B. subtilis cells were separated from the growth medium by centrifugation (14,000 rpm, 2 min, room temperature). Proteins in the growth medium were concentrated 20-fold upon precipitation with trichloroacetic acid, and samples for SDS-polyacrylamide gel electrophoresis were prepared as described previously (40) . After separation by SDS-polyacrylamide gel electrophoresis, proteins were transferred to a nitrocellulose membrane (Schleicher & Schü ll) as described (41) . PhoB and PhoD were visualized with specific antibodies (42) and alkaline phosphatase-conjugated goat anti-rabbit antibodies (Sigma) according to the manufacturer's instructions.
Two-dimensional Gel Electrophoresis of Secreted Proteins-B. subtilis strains were grown at 37°C under vigorous agitation in 1 liter of a synthetic medium (43, 44) containing 0.16 mM KH 2 PO 4 to induce a phosphate starvation response. After 1 h of post-exponential growth, cells were separated from the growth medium by centrifugation. The secreted proteins in the growth medium were precipitated overnight with ice-cold 10% trichloroacetic acid and collected by centrifugation (40,000 ϫ g, 2 h, 4°C). The pellet was washed three times with 96% ethanol; dried; and resuspended in 400 l of rehydration solution containing 2 M thiourea, 8 M urea, 1% Nonidet P-40, 20 mM dithiothreitol, and 0.5% Pharmalyte (pH 3-10). Cells were disrupted by sonication as described (45) , and cellular proteins were resuspended in rehydration solution as described above. Samples of secreted or cellular proteins in rehydration solution were used for the re-swelling of immobilized pH gradient strips (pH 3-10; Amersham Pharmacia Biotech). Next, protein separation in the immobilized pH gradient strips (first dimension electrophoresis) was performed as recommended by the manufacturer. Electrophoresis in the second dimension was performed as described (46) . The resulting two-dimensional gels were stained with silver nitrate (47) or Coomassie Brilliant Blue R-250.
Protein Identification-In-gel tryptic digestion of proteins, separated by two-dimensional gel electrophoresis, was performed using a peptidecollecting device (48) . For this purpose, 0.5 l of peptide solution was mixed with an equal volume of a saturated ␣-cyano-4-hydroxycinnamic acid solution in 50% acetonitrile and 0.1% trifluoroacetic acid. The resulting mixture was applied to the sample template of a matrixassisted laser desorption/ionization mass spectrometer (Voyager DE-STR, PerSeptive Biosystems). Peptide mass fingerprints were analyzed using MS-Fit software.
RESULTS
Identification of tat Genes of B. subtilis-To investigate whether B. subtilis contains a potential Tat pathway, a search for homologues of E. coli Tat proteins was performed using the complete sequence of the B. subtilis genome (3). First, sequence comparisons revealed that B. subtilis contains three paralogous genes (i.e. yczB, ydiI, and ynzA) that specify proteins with sequence similarity to the three paralogous E. coli TatA, TatB, and TatE proteins. Specifically, the YdiI protein (57 residues), which was renamed TatAy, showed the highest degree of sequence similarity to the E. coli TatA protein (58% identical residues and conservative replacements); the YczB protein (70 residues), which was renamed TatAd, showed the highest degree of sequence similarity to the E. coli TatB protein (54% identical residues and conservative replacements); and the YnzA protein (62 residues), which was renamed TatAc, showed the highest degree of sequence similarity to the E. coli TatB protein (53% identical residues and conservative replacements). All three B. subtilis proteins were renamed TatA to avoid possible misinterpretations with respect to their respective functions, which are presently unknown. Like TatA, TatB, and TatE of E. coli, the three TatA proteins of B. subtilis appear to have one amino-terminal membrane-spanning domain (Fig.  1A) , and the carboxyl-terminal parts of these proteins are predicted to face the cytoplasm. Even though TatAc, TatAd, and TatAy of B. subtilis show significant similarity to TatA, TatB, and TatE of E. coli when the amino acid sequences of these proteins are compared pairwise, only a limited number of residues are conserved in all six amino acid sequences (17% identical residues and conservative replacements) (Fig. 1A) .
Second, in contrast to E. coli, which contains a unique tatC gene (11), B. subtilis was shown to contain two paralogous tatC-like genes (i.e. ycbT and ydiJ). The YcbT protein (245 residues), which was renamed TatCd, and the YdiJ protein (254 residues), which was renamed TatCy, showed significant similarity to the E. coli TatC protein (57% identical residues and conservative replacements in the three aligned sequences) (Fig. 1B) . Like TatC of E. coli, TatCd and TatCy of B. subtilis have six potential transmembrane segments (Fig. 1B) , and the amino termini of these proteins are predicted to face the cytoplasm (data not shown).
In contrast to E. coli, in which the tatA, tatB, and tatC genes form one operon and the tatE gene is monocistronic (10), the tat genes of B. subtilis are located at three distinct chromosomal regions. Two of these regions contain adjacent tatA and tatC genes, with the tatAd and tatAy genes being located immediately upstream of the tatCd and tatCy genes, respectively (Fig.  2) . Strikingly, the tatAd and tatCd genes, which map at 24.4 o on the B. subtilis chromosome, are located immediately downstream of the phoD gene, specifying a secreted protein with a putative RR signal peptide (Table I) . Furthermore, the tatAy and tatCy genes are located at 55.3 o on the B. subtilis chromosome, within a cluster of genes with unknown function (Fig. 2) , and the tatAc gene is located at 162. mosome (data not shown), immediately downstream of the cotC gene, specifying a spore coat protein (49) .
Taken together, these observations strongly suggest that B. subtilis has a Tat pathway for the translocation of proteins with RR signal peptides across the cytoplasmic membrane. Furthermore, the observation that the tatAd and tatCd genes are located downstream of the phoD gene, which is a member of the pho regulon (23), suggests that the tatAd and tatCd genes might be exclusively expressed under conditions of phosphate starvation.
TatC-dependent Secretion of the PhoD Protein-To investigate whether an active Tat pathway exists in B. subtilis, various single and double tatC mutants were constructed. For this purpose, the tatCd gene was either disrupted with a kanamycin resistance marker or placed under the control of the IPTG-dependent P spac promoter of plasmid pMutin2, resulting in the B. subtilis strains ⌬tatCd and ItatCd, respectively (Fig. 3, A and  B) . Similarly, the tatCy gene was either disrupted with a spectinomycin resistance marker or placed under the control of the IPTG-dependent P spac promoter of plasmid pMutin2, resulting in the B. subtilis strains ⌬tatCy and ItatCy, respectively (Fig. 3,  A and C) . tatCd-tatCy double mutants were constructed by transforming the ⌬tatCy mutant with chromosomal DNA of the ⌬tatCd or ItatCd mutant strain.
The fact that tatCd-tatCy double mutants could be obtained shows that TatC function is not essential for viability of B. subtilis, at least not when cells are grown aerobically in TY or minimal medium at 37°C or anaerobically in S7 medium supplemented with NaNO 3 (0.2%) and glycerol (2%) at 37°C (data not shown). Furthermore, the ⌬tatCd-⌬tatCy double mutation did not inhibit the development of competence for DNA binding and uptake, sporulation, and the subsequent spore germination (data not shown), showing that these primitive developmental processes do not require TatC function.
The effects of single and double tatC mutations on protein secretion via the Tat pathway were studied using PhoD as a native reporter protein. For this purpose, tatC mutant strains were grown under conditions of phosphate starvation in LPDM. As shown by Western blotting, the secretion of PhoD was strongly reduced in the ⌬tatCd mutant strain and the ⌬tatCd-⌬tatCy double mutant, whereas it was not affected or even improved in the ⌬tatCy mutant strain (Fig. 4A) . In contrast, the secretion of the alkaline phosphatase PhoB, which is dependent of the major (Sec) pathway for protein secretion (50), was not affected in the tatC mutants of B. subtilis (Fig. 4B) . Notably, in some experiments, very low amounts of PhoD were detectable in the growth medium of B. subtilis ⌬tatCd (data not shown), but never in that of the ⌬tatCd-⌬tatCy and ItatCd⌬tatCy double mutants (Fig. 4, A and C) . As exemplified with the B. subtilis ItatCd-⌬tatCy double mutant strain, the cells of all tatC mutant strains contained similar amounts of prePhoD, which were comparable to those in the parental strain 168 (Fig. 4C) (data not shown) . Finally, two-dimensional gel electrophoresis of proteins in the medium of phosphate-starved cells of B. subtilis ⌬tatCd-⌬tatCy or the parental strain 168 showed that PhoD is the only protein of which the secretion is detectably affected by the tatC double mutation under conditions of phosphate starvation (Fig. 5) . As expected, the secretion of proteins lacking an RR signal peptide (such as the glycerophosphoryl-diester phosphodiesterase GlpQ; the pectate lyase Pel; the alkaline phosphatases PhoA and PhoB; the phosphate-binding protein PstS; the minor extracellular serine protease Vpr; and the protein with unknown function, YncM) was not significantly affected by the tatC double mutation. Surprisingly, however, the secretion of YdhF, a phosphate starvationinducible protein of unknown function (44) , and the 2Ј,3Ј-cyclic nucleotide 2Ј-phosphodiesterase YfkN, 3 which are both synthesized with potential RR signal peptides (Table I) , was also not affected by the disruption of tatCd and tatCy (Fig. 5) . Similarly, comparable WprA-derived protein spots could be demonstrated in the medium fractions of the B. subtilis ⌬tatCd-⌬tatCy and 168 strains (Fig. 5) (data not shown) , despite the presence of an RR motif in the WprA signal peptide (Table I) . Consistent with the above observations, no differences in the cellular proteomes of B. subtilis ⌬tatCd-⌬tatCy and the parental strain 168 could be detected by two-dimensional gel electrophoresis (data not shown). In summary, these results show that an active Tat pathway exists in B. subtilis and that TatCd has a critical role in the secretion of PhoD.
Expression of tatCd and tatCy Genes-To study the expression of the tatCd and tatCy genes, the transcriptional tatCdlacZ and tatCy-lacZ gene fusions, present in B. subtilis ItatCd and ItatCy, respectively, were used. As expected, upon a medium shift from high to low phosphate defined medium to induce a phosphate starvation response, tatCd transcription could be observed in B. subtilis ItatCd. In this strain, relatively low but constant levels of ␤-galactosidase production were reached within a period of 4 h after the change to LPDM, whereas no ␤-galactosidase production was detectable in the parental strain 168 (no lacZ gene fusion present) (Table II) . In contrast, when cells of B. subtilis ItatCd were grown in minimal, Schaeffer's sporulation, or TY medium, none of which induces a phosphate starvation response, no transcription of the tatCd gene was detectable; under these conditions, the ␤-galactosidase levels in cells of B. subtilis ItatCd were similar to those of the parental strain 168. Completely different results were obtained with B. subtilis ItatCy: the tatCy gene was transcribed in all growth media tested, and notably, the transcription of tatCy in LPDM was much higher than that of the tatCd gene (Table III) . In contrast to the tatCd gene, the highest levels of tatCy transcription were observed in minimal and TY media, whereas the lowest levels of tatCy transcription were observed in Schaeffer's sporulation medium (Table III) . In conclusion, these findings show that tatCd is transcribed only under conditions of phosphate starvation, in contrast to tatCy, which is transcribed under all conditions tested.
DISCUSSION
In this study, we demonstrate for the first time that a functional Tat pathway, required for secretion of the PhoD protein, exists in the Gram-positive eubacterium B. subtilis. The TatCd protein, specified by one of the two tatC genes of B. subtilis, plays a critical role in this secretion pathway. In contrast, the TatCy protein appears to be of minor importance for PhoD secretion. Even though no particular function for TatCy was identified, our results show that the corresponding gene is transcribed under conditions of phosphate starvation when TatCd fulfills its critical role in PhoD secretion. Furthermore, as inferred from the fact that low levels of PhoD secretion by B. subtilis ⌬tatCd (but never by tatCd-tatCy double mutants) were observed in some experiments, TatCy seems to be actively involved in RR preprotein translocation. Notably, these observations imply that TatC is a specificity determinant for protein secretion via the Tat pathway. In fact, our observation that the secretion of PhoD was increased in the absence of TatCy suggests that abortive interactions between pre-PhoD and TatCy or TatCy-containing translocases can occur. Nevertheless, alternative, more indirect explanations for this observation can presently not be excluded. Interestingly, the positive effect of the tatCy mutation on PhoD secretion is reminiscent of the effect that was observed when certain genes (i.e. sipS and/or sipU) for paralogous type I signal peptidases of B. subtilis were disrupted. This resulted in significantly improved rates of processing of the ␣-amylase AmyQ precursor by the remaining type I signal peptidases (i.e. SipT, SipV, and/or SipW) (24, 30, 51) . Taken together, these observations suggest that, in general, the presence of two or more paralogous secretion machinery components in B. subtilis may result in as yet undefined abor- tive interactions with certain secretory preproteins.
The PhoD protein of B. subtilis is synthesized with a typical RR signal peptide that contains a long hydrophilic N-region with a consensus RR motif and a mildly hydrophobic H-region (Table I ). In fact, the RR signal peptide of PhoD contains no detectably atypical features for RR signal peptides (see Ref. 5) ; and therefore, it is presently not clear why PhoD specifically requires the presence of TatCd for efficient secretion. Notably, the secretion of WprA, YdhF, and YfkN, three proteins with predicted RR signal peptides (Table I) , was not affected in the ⌬tatCd-⌬tatCy mutant. This observation shows that the RR motifs in the corresponding signal peptides do not direct the WprA, YdhF, and YfkN proteins into the Tat pathway. Instead, these proteins are most likely secreted via the Sec pathway. In the case of YdhF, this could be due to the relatively short, but highly hydrophobic H-region of the signal peptide. Similarly, the signal peptides of the WprA and WapA proteins, which were recently shown to be secreted in a strongly Ffh-and SecA-dependent manner (21) , and the signal peptide of the YfkN protein have H-regions that are significantly more hydrophobic than that of the PhoD signal peptide. These observations suggest that, like in E. coli (7), the hydrophobicity of the H-region is an important determinant that allows the cell to discriminate between Sec-type and RR signal peptides. Notably, the predicted RR motifs of WapA, WprA, YdhF, and YfkN are also different from previously described RR signal peptides because they contain either a His residue at position ϩ2 relative to the twin arginines or a Lys or Ser residue at position ϩ3 (Table I ). In fact, hydrophilic residues are completely absent from positions ϩ2 and ϩ3 relative to the twin arginines of known RR signal peptides (5, 6, 10, 14, 18, 22) . If low overall hydrophobicity and the presence of hydrophobic residues at positions ϩ2 and ϩ3 are used as criteria for the prediction of RR signal peptides, the total number of predicted B. subtilis signal peptides of this type can be reduced from 27 to 11. Of these 11 preproteins, four contain additional transmembrane segments, and one lacks a signal peptidase cleavage site. Thus, based on these more stringent criteria, one would predict that merely six proteins of B. subtilis (i.e. AlbB, LipA, PhoD, YkuE, YuiC, and YwbN) are secreted into the growth medium via the Tat pathway. This would explain why the secretion of only one protein, PhoD, was detectably affected in B. subtilis ⌬tatCd-⌬tatCy under conditions of phosphate starvation. In this respect, it is important to note that TatC-dependent secretion of some other proteins with (predicted) RR signal peptides may have remained unnoticed in the present study because they are expressed at very low levels under conditions of phosphate starvation. Furthermore, it is conceivable that other TatC-dependent proteins were missed in the two-dimensional gel electrophoretic analysis due to their poor separation in the first dimension.
Interestingly, the YdhF protein was also predicted to be a lipoprotein (Table I) (4) . The fact that YdhF was found in the growth medium suggests either that this prediction was wrong or that YdhF is released into the growth medium via a secondary processing event that follows cleavage by the lipoproteinspecific (type II) signal peptidase (52) . Such secondary processing events have been described previously for other Bacillus lipoproteins (see Ref. 4) . In fact, the latter possibility most likely explains why the phosphate-binding protein PstS, which is a typical lipoprotein (previously known as YqgG) (4, 53), was found in the growth medium. As expected for lipoproteins, significant amounts of PstS were also present in a cell-associ- -lacZ) , or the parental strain 168 (no lacZ gene fusion) were grown for 10 h in LPDM, minimal medium (MM), Schaeffer's sporulation medium (SSM), or TY medium after dilution from an overnight culture. Samples for ␤-galactosidase activity determinations were taken at hourly intervals, starting 4 h after dilution from the overnight culture. As the ␤-galactosidase activities showed little variation during the entire period of sampling, average values were determined. The numbers represent average values from three different experiments (units/A 600 ). Note that high phosphate defined medium was used for the overnight culture of cells grown in LPDM, whereas overnight cultures of cells grown in minimal, Schaeffer's sporulation, or TY medium were prepared with the respective media. ated form (44, 45) . Similarly, the non-lipoprotein YfkN, which has a predicted carboxyl-terminal membrane anchor (Table I) , may be released into the growth medium through proteolysis.
One of the outstanding features of the Tat pathway of E. coli is its ability to translocate fully folded proteins that bind cofactors prior to export from the cytoplasm and even multimeric enzyme complexes (5, 16, 22, 54) . Similarly, the thylakoidal Tat pathway has been shown to translocate folded proteins (55, 56) . Thus, it seems as if this pathway is used for the transport of proteins that are Sec-incompatible, either because they must fold before translocation or because they fold too rapidly or tightly to allow transport via the Sec system, which is known to transport proteins in an unfolded conformation (see Ref. 9) . Consistent with this idea, folded preproteins, some of which were biologically active, were shown to accumulate in tat mutants of E. coli (10, 11, 16, 18) . Therefore, it is conceivable that the Tat pathway of B. subtilis is also involved in the transport of folded cofactor-binding proteins. This view is supported by the observation that the iron-sulfur cluster-binding Rieske protein QcrA of B. subtilis (57) is synthesized with a predicted RR signal peptide (Table I) . Nevertheless, compared with the parental strain, pre-PhoD accumulation was not increased in B. subtilis ⌬tatCd-⌬tatCy. This suggests either that pre-PhoD is not folded prior to translocation or that folded pre-PhoD is sensitive to cytosolic proteases of B. subtilis. We favor the first possibility because most native B. subtilis proteins are highly resistant to proteolysis, provided that they are properly folded (see Refs. 58 -60) . Consistent with the idea that pre-PhoD could be secreted in a loosely folded or unfolded conformation is the observation that loosely folded proteins can be transported via the thylakoidal Tat pathway (55, 56) . Strikingly, the four known homologues of PhoD, all of which were identified in Streptomyces species, are synthesized with a typical RR signal peptide (Table IV) . Thus, it seems that PhoD-like proteins belong to a novel family of proteins with an as yet undefined requirement for translocation via the Tat pathway. In this respect, it is interesting to note that the N-regions of the RR signal peptides of PhoD and PhoD-like proteins are among the longest N-regions of known RR signal peptides (see Ref. 5) .
Finally, one of the most striking results of our present study is the observation that TatC is a specificity determinant for protein secretion via the Tat pathway of B. subtilis. Interestingly, this finding questions, to some extent, the hypothesis that the TatA-like components of this pathway have a receptorlike function (17, 20) . Instead, it suggests that TatC-like proteins recognize specific elements of certain exported proteins, such as the RR signal peptide. Thus, our results might represent the first experimental support for the sea anemone model of Berks et al. (19) , in which, on the basis of theoretical considerations, it was proposed that the TatABE proteins form a protein-conducting channel, whereas the TatC protein acts as an RR signal peptide receptor. Alternatively, it is still conceivable that certain proteins with RR signal peptides are recognized by TatA-like proteins, provided that a specific TatC-like partner protein is present. A third possibility would be that specific TatA-and TatC-like partner proteins are jointly involved in substrate recognition. The facts that neither TatAc nor TatAd of B. subtilis was able to complement tatA, tatB, or tatE mutations in E. coli and that TatCd of B. subtilis was unable to complement the E. coli tatC mutation 1 suggest that the TatC-determined pathway specificity, as described in the present study, is based on specific interactions between TatAand TatC-like proteins. If so, this implies that B. subtilis contains two parallel routes for twin-arginine translocation, one of which involves the TatCd protein. As shown in the present study, the TatCd-dependent translocation appears to be activated specifically under conditions of phosphate starvation, perhaps with the sole purpose of translocating PhoD. Similar to the situation in B. subtilis, parallel routes for twin-arginine translocation may be present in other organisms, such as Archaeoglobus fulgidus, which was shown to contain two paralogous tatC-like genes (19, 61) . In our ongoing research on protein secretion in B. subtilis, we are trying to challenge this hypothesis. CAB62565) . Conserved residues of the twin-arginine consensus sequence are indicated in boldface. The hydrophobic H-region is shaded. Signal peptidase I recognition sequences predicted with the SignalP algorithm (62, 63) are underlined.
